The surface plasmon polariton modes often excited in metallic nanocavities enable the miniaturization of photonic devices, even beyond the diffraction limit, yet their severe optical losses deteriorate device performance. This study proposes a design of metallic nanorod cavities coupled to plasmonic crystals with the aim of reducing the radiation loss of surface plasmon modes. Periodic Ag disks placed on an insulator-metal substrate open a substantial amount of plasmonic bandgaps (e.g., Δλ 290 nm at λ 1550 nm) by modifying their diameter and thickness. When an Ag nanorod with a length of ∼400 nm is surrounded by the periodic Ag disks, its Q-factor increases up to 127, yielding a 16-fold enhancement compared with a bare Ag nanorod, while its mode volume can be as small as 0.03λ∕2n 3 . Ag nanorods with gradually increasing lengths exhibit high Q-factor plasmonic modes that are tunable within the plasmonic bandgap. These numerical studies on low-radiation-loss plasmonic modes excited in metallic nanocavities will promote the development of ultrasmall plasmonic devices.
INTRODUCTION
Surface plasmon polaritons (SPPs) are photon-electron coupled states that are localized at the interface between a metal and a dielectric [1] . The electric field distribution of SPPs, which decays exponentially in the direction of both the metal and dielectric materials, has been exploited to develop optoelectronic devices with ultrasmall mode volume [2, 3] . In particular, metallic nanorods are attracting considerable interest as plasmonic cavities because of their bottom-up fabrication, capacity for tuning plasmonic resonances, and ease of integration with other optical devices [4] . These advantages of metallic nanorods enable the use of plasmonic lasers [3] , waveguides [5, 6] , and optical sensors [7, 8] , which will be essential components in next-generation photonic integrated circuits [9] . However, large optical losses in metallic nanorods are considered an unavoidable problem that impedes the extension of plasmonic device applications. For example, the Q-factor of a single Au nanorod was recorded to be ∼25 at room temperature [10] [11] [12] [13] . In general, the optical losses of metallic nanocavities consist of material absorption loss and cavity radiation loss [ Fig. 1(A) ]. The material absorption loss in a metal has a strong temperature dependence due to free electron collisions with lattice vibrations, and thus accounts for a significant portion of the total optical losses at room temperature [2] . Meanwhile, to manage the radiation loss of metallic nanocavities, a variety of plasmonic cavity designs, including metal-insulator-metal (MIM) structures, have been proposed [13] [14] [15] [16] . For example, Seo et al. designed metal-coated dielectric nanorods with bandcutoff plasmonic mirrors wherein no plasmonic propagation mode exists in the two end mirrors at the operating wavelengths [16] . The estimated maximum Q-factor of the metal-coated dielectric nanorod was ∼100 at 300 K. However, incorporating such plasmonic cavities into a planar circuit is a nontrivial issue.
In this study, we propose plasmonic-bandgap-coupled metallic nanorod cavities where a single Ag nanorod is surrounded by periodic Ag disks [ Fig. 1(B) ]. The plasmonic bandgaps of periodic Ag disks were examined by varying their diameter, thickness, and pitch size, and by conducting finite-difference time-domain (FDTD) simulations. The Q-factor, defined by 2π (energy stored)/(energy dissipated per cycle), of a single Ag nanorod was compared with and without the introduction of periodic Ag disks. The radiation loss of the plasmonicbandgap-coupled single Ag nanorod was further suppressed by tailoring the diameter of Ag disks near the Ag nanorod. Finally, a single pronounced peak was sequentially tuned within the plasmonic bandgap by modulating the length of the Ag nanorod, thus suggesting the feasibility of tunable optical filters and lasers for use in photonic integrated circuits.
PLASMONIC BANDGAPS OF PERIODIC Ag DISKS
Prior to the design of plasmonic bandgaps formed by periodic metallic patterns, we first investigated the ω − k dispersions of MIM slabs while varying the thickness (t) of the top metal layer by conducting FDTD simulations in which the Bloch boundary conditions are applied [ Fig. 2(A) ] [17] . A dispersive Ag material was handled via the Drude model for the top and bottom metal layers. The permittivity at infinite frequency, and the plasma and collision frequencies used in the model were ε ∞ 3.91364, ω p 9.17111 ℏ −1 eV, and γ 0.0207945 ℏ −1 eV, respectively, where ħ is the reduced Planck's constant. These values were obtained by fitting measured optical dispersion [18] over the wavelength range of 400-2000 nm. For the embedded insulator layer, a dielectric material with a constant refractive index of 3.2, which corresponds to InP-based materials around λ 1550 nm, was introduced. Note that these MIM slabs with an ambient medium of SiO 2 can be prepared by the conventional wafer bonding technique [19] . In these simulations, the temporal and spatial resolutions were 5c −1 nm and 10 nm, respectively, where c is the speed of light. The calculated result showed that the plasmonic dispersion characteristics of the MIM slabs differed distinctly with and without (i.e., t 0 nm) the introduction of the upper metal part. For these simulations, the thickness of the dielectric was fixed at 90 nm. In particular, with regards to the telecommunication frequencies, the effective index, defined by k mode ∕ω, increased significantly with the existence of the top Ag layer. This implies that MIM slabs are effective structures to highly confine surface plasmon (SP) propagation modes, even for low normalized frequencies. In particular, at λ 1550 nm (i.e., normalized frequency 0.645), the effective index of the MIM slabs was ∼4.2, which is much larger than that of the structure without the top Ag layer (∼2.0).
The large effective index SPP propagating modes in the MIM slabs opens a possibility of plasmonic bandgaps when periodic metal patterns are introduced into them [20] [21] [22] . SP modes must be excited readily with transverse magnetic polarization (i.e., electric field oscillation perpendicular to the interface), and, hence, rod-type (cf. hole-type) patterns are preferred for the opening of the bandgaps [23] . The FDTD simulations showed that periodic Ag disks placed on an insulator-metal substrate exhibited a plasmonic bandgap of ∼0.035 (in terms of normalized frequency) between a K-point on the first band (K1) and an M-point on the second band (M2) [ Fig. 2(B) ]. The electric fields of K1 and M2 were strongly localized at the edges of the periodic Ag disks, which is indicative of plasmonic modes [ Fig. 2(C) ]. For these plasmonic band dispersion calculations, the spatial resolutions along the xΓ − K , yM − K , and z (vertical) directions were 10, 5 ffiffi ffi 3 p , and 10 nm, respectively, to exactly match the unit cell with the hexagonal symmetry structure.
To maximize the plasmonic bandgap, we varied the pitch size (a), diameter (D), and thickness (t) of the periodic Ag disks and the thickness (h) of the dielectric in the simulated structures [Figs. 3(A) and 3(B)]. First, the wavelengths of K1 and M2 increased gradually with an increase in a; if one wishes to form a plasmonic bandgap around λ 1550 nm, 270 nm < a < 330 nm should be chosen [ Fig. 3(A) , left panel]. For these simulations, D was fixed at a − 50 nm. With a fixed value of a 300 nm, the bandgap opens at D > 100 nm and continues to increase until D 250 nm, which is similar to the trend of dielectric photonic crystals [ Fig. 3(A) , right panel] [23] . The plasmonic bandgap also depended on the thickness (t) of the periodic disks and the height (h) of the insulator slab [ Fig. 3(B) ]. Interestingly, the plasmonic bandgap increased steadily with decreasing t and h; the wavelength was redshifted for K1, whereas it was blueshifted for M1. In MIM or insulator-metal-insulator slabs, the effective index of lower energy plasmonic propagation modes generally increases when the thicknesses of the middle insulator or metal layer decrease [24, 25] , which indicates that the plasmonic field becomes more tightly localized at the metal-dielectric interface with the thinner layers. The increase in effective index contrast finally leads to the extension of plasmonic bandgaps.
Ag NANOROD CAVITIES COUPLED TO PLASMONIC BANDGAPS
The optical losses of plasmonic modes in metallic nanorod cavities are mainly responsible for limiting practical applications. To suppress the radiation loss of plasmonic modes, we modeled a single Ag nanorod surrounded by periodic Ag disks sustaining plasmonic bandgaps. For the periodic Ag disks, a 300 nm, D 250 nm, t 30 nm, and h 90 nm were chosen to attain a sufficiently large plasmonic bandgap around λ 1550 nm [ Fig. 4(A) ]. To situate the Ag nanorod on the center of the plasmonic crystal, two Ag disks were removed. To further reduce the radiation loss, the pitch (a 0 a − Δd ∕2) and the diameter (d D − Δd ) of the eight Ag disks near an Ag nanorod were slightly modified [26] . The Q-factor and the mode volume of an Ag nanorod with a length, width, and thickness of L 390 nm, w 50 nm, and t 30 nm were calculated as a function of Δd [ Fig. 4(B) ]. The Q-factor of the Ag nanorod was larger than 120 at Δd 40 nm, while the mode volume was as small as ∼0.03 λ∕2n 3 . It is worth mentioning that the Q-factor and the mode volume of the Ag nanorod cavities are not very strongly correlated [27] . The high Q-factor plasmonic resonance was more apparent in the frequency domain; a single pronounced peak was gradually tuned to longer wavelengths within the plasmonic bandgap as L increased [ Fig. 4(C) ], which suggests that the implementation of tunable optical filters may be possible. For comparison, the spectra of bare Ag nanorods with the same increasing lengths were calculated [ Fig. 4(D) ]; relatively broadened peaks appeared, due to the increase of radiation loss.
To clearly visualize the suppression of radiation loss by plasmonic bandgaps, the electric field intensity profiles of the Ag nanorods (L 390 and 610 nm) with and without the plasmonic crystal were calculated [Figs. 5(A) and 5(B), respectively]. For the L 610 nm structure, three central disks were missing and the 10 nearest disks were modified. First, the plasmonic crystal significantly suppressed the side radiation loss, while it did not distort the original mode profile inside the Ag nanorod cavity; the Ag nanorod with L 390 nm (610 nm) exhibited three (four) intensity antinodes along the axial direction. Second, the suppression of radiation loss by plasmonic bandgaps was a generic phenomenon, regardless of the length of the metallic nanorods. Here, the intrinsic Q-factor indicates that the material absorption loss in a metal is completely ignored, which corresponds to low-temperature experiments [2] . The Q-factors were plotted with respect to the number of missing Ag disks; Ag nanorods with the same number of the missing Ag disks sustained the same cavity mode. The total and intrinsic Q-factors were significantly changed for different L. Interestingly, the Q-factors of the plasmonic modes steadily increased as their resonant wavelengths approached the wavelength at the K1 band-edge point of nearest disks, whose lattice pitch and disk diameter are a 0 and d , respectively. The space between antinodes in the upper panel of Figs. 5(A) and 5(B) are similar to π∕k K 1 210 nm, where k K 1 is the wavevector at the K1 point of the nearest disks, which provides better mode matching and thus reduces the side radiation loss [28] . The maximum total Q-factor of the Ag nanorod was ∼120 in the range considered for L. For the intrinsic Q-factor, the maximum values of all the Ag nanorods were larger than 1000. Such high Q-factor plasmonic modes in the metallic nanorods could enable the use of room-temperature plasmonic lasers if the bottom dielectric has a gain medium.
The plasmonic nanorod laser cavities can be fabricated via the following procedure. First, well-defined Ag nanorods and plasmonic crystals are prepared on an InGaAsP/InP wafer by electron-beam lithography and a lift-off process. Second, the InGaAsP/InP wafer is bonded to a transparent substrate with a bonding material such as epoxy or SU-8 [19] . Last, the bottom InP substrate is selectively dissolved by HCl and an Ag film is deposited on the other side of the InGaAsP layer. To make the design on the metallic nanorod cavities more useful for real fabrication, we conducted additional simulations to investigate the variation of the Q-factor of an Ag nanorod cavity (L 390 nm) with an increase of the displacement between the center of the nanorod and the plasmonic crystal [ Fig. 6(A) ]. Even with displacement of 70 nm with respect to the x and y directions, the total Q-factor of the nanorod cavity was degraded by less than 10% compared with its original Q-factor [ Fig. 6(B) ], indicating the robustness of the developed nanorod cavities against misalignment in fabrication.
CONCLUSIONS
We studied low-radiation-loss plasmonic modes in plasmoniccrystal-coupled Ag nanorod cavities. With the help of plasmonic bandgaps formed by periodic Ag disks on an insulatormetal substrate, the maximum Q-factors of Ag nanorods with L 100-900 nm were larger than 100, while their mode volumes were much smaller than λ∕2n 3 . These numerical findings for the high Q-factor plasmonic modes in metallic Ag nanorods will provide a platform to develop ultrasmall photonic devices, such as light sources and optical filters. Furthermore, the Ag nanorod cavities proposed herein will facilitate the integration of other photonic devices fabricated on plasmonic crystals. 
